Literature review
Manufacturing planning and control addresses decisions about the acquisition, utilization and allocation of production resources to satisfy customer requirements in the most efficient and effective way (Pinedo 2005) . There are a variety of considerations that go into the development and implementation of an optimization model for manufacturing planning and control. Typical decisions include work force level, production lot sizes, assignment of overtime, and sequencing of production runs. Optimization models are widely applicable for providing decision support in these contexts.
Most of the research dealing with factory operations focuses on the operational side of the building blocks of the system, discrete-parts and batch manufacturing lines. A key choice is what planning decisions to include in the model. By definition, production-planning models include decisions on production and inventory quantities. In addition, they might include resource acquisition and allocation decisions, such as adding to the work force or upgrading the training of the current work force. Excellent general references on production planning can be found in (Thomas & McClain 1993; Shapiro 1993) . Jaeil Park, SeJoon Park and Ok, Journal of Advanced Mechanical Design, Systems, and Manufacturing, Vol.10, No.6 (2016) In many factory operation contexts, planning and control problems are inherently optimization problems, where the objective is to develop a plan that meets demand at minimum cost or that fills the demand that maximizes profit. The drum-buffer-rope (DBR) scheduling system in the theory of constraints (TOC) emphasizes the optimization of performance within a defined set of constraints on existing processes (Silver et al. 1998) . The fundamental thesis of DBR is that constraints establish the performance limitations for any system, which suggests that managers should focus on effectively managing the capacity of these constraints if they are to improve performance (Mabin & Balderstone 2003) . Hence, DBR can offer a simplified scheduling for shifting electrical loads to less expensive hours without degrading overall throughput.
Current facility operation problems do not include cutting operations temporarily by shifting their consumption to less expensive hours. As a result, the increase of electric power consumption in summer usually leads to an increase of overall energy cost due to rising power cost during high demand periods (Rahman 1998; Commission" n.d.) , largely because facility operation plans are made to meet target throughput while keeping stock low. Rather than keeping stock low as in JIT, however, it could be more beneficial to allow for additional stock caused by load shifting to compensate for rising energy cost.
To the best of our knowledge, there is no existing research that addresses load shifting problems in factory operations. We instead review integer programming models for general facility operation problems, as integer programming models can be used to formulate any discrete optimization problems in which all variables are restricted to 0-1 integers and unknowns are binary (Pochet & Wolsey 2006) . They are heavily used in practice for solving problems in transportation and manufacturing: i.e., airline crew scheduling, vehicle routing, production planning, etc. (Wolsey & Nemhauser 2014) . We make no effort to be exhaustive in the treatment herein. Rather, we have made choices of what to include based on personal judgment and preferences.
The application of Integer Programming (IP) techniques towards the optimization of operating conditions of physical layouts is addressed in various studies. The initial integer programming formulation for the floor layout problem was originally presented by (Montreuil 1991) . This model utilizes a continuous representation of a layout and considers departments with unequal areas. The locations and dimensions of departments are decision variables, and a number of binary integer variables are used in the model to avoid overlapping areas .Since then, more advanced IP models for the floor layout problem were presented by Meller et al. (1998) and Sherali et al. (2003) to improve model accuracy and efficiency of approach. Similarly, Hui and Natori (1996) addressed IP techniques for optimizing the operating conditions of plant utility systems. They employed a multi-period integer utility plant model to guarantee minimum operating costs over a longer period.
Industrial production planning problems involving complex production structures with multiple production stages are also handled using an IP modeling approach, as they are efficient and robust, making them suitable for optimization. The procedure of loading and scheduling two or more flexible manufacturing cells was addressed via an IP formulation (Greene & Sadowski 1986) . For machine scheduling problems with blocking and no-wait in process, the computational complexity of a wide variety of such problems was addressed, as well as several problems that remain open (Hall & Sriskandarajah 1996) . Some problems on flexible flow lines with blocking were handled using enhanced IP formulations by modeling blocking scheduling with several processing stages in series where a set of routes is available for processing (Sawik 2000) .
For load reduction during times of peak demand in factory operations, the key strategy of demand response is to offer financial incentives (Anon 2015). Some utilities have commercial tariff structures that set a customer's power costs for the month based on top-peak, mid-peak, and off-peak schedules, and so encourage users to flatten their demand for energy. Utilities may impose load shedding on service areas through agreements with specific high-use industrial consumers to shut down equipment at times of peak demand to better manage their costs of doing business (Anon 2011). As such, the minimum power cost of running factory can be determined according to the degree to which the total power is distributed evenly.
Jaeil Park, SeJoon Park and Ok, Journal of Advanced Mechanical Design, Systems, and Manufacturing, Vol.10, No.6 (2016) IP formulations from prior research will provide a good framework for covering scheduling problems in various areas of manufacturing. Until now, however, the optimization problems in factory operations have focused on improving the efficiency of running a factory under the constraints of availability of resources. This approach cannot guarantee that minimum power costs are achieved without throughput losses over a peak demand period. This paper presents an optimization model for managing facility operations with electrical loads shifting in an effort to deal with the most expensive hours of the day. In the model, we will specialize in an IP formulation for electrical load shifting problems based on time-based rates in facility operations.
An optimization model for facility operations with electrical load shifting
A demand response program offers time-based rates that allow customers to choose whether to adjust their consumption of electric power. In the manufacturing sector, factory managers are likely to participate in a demand response program if their decision to adjust consumption is driven by the costs and benefits of real-time pricing. This section presents an IP formulation that provides information to the decision-makers as they manage the costs of doing business during times of peak demand.
Problem description and model formulation
A production system consists of multiple operations with different parts. According to TOC, the capacities of all processes are limited to a bottleneck process to minimize working in process (WIP). In other words, all processes except the bottleneck accord their production speeds with the bottleneck to guarantee throughput and simultaneously minimize WIP of the whole production line. Therefore, each process except for the bottleneck has its own spare time and, consequently, is able to adjust its production schedule without scarifying the throughput of the whole production line. This conceptual idea can be utilized to reduce power costs without throughput losses over a peak demand period. To demonstrate the idea, we model it with an integer programming problem. Consider a set of sequential operations of m machines with finite buffer capacities established in a factory as shown in Figure 1 . Its production schedules concentrate on the bottleneck process within the total production process. The notations and assumptions of modeling the problem are as follows:  Assumptions -The model focuses on the operational side of the building blocks of the system: discrete-parts and batch manufacturing lines. -Electricity cost is linearly proportional to the production quantity of the machines. This assumption can be replaced with any other electricity cost function as long as the function holds linearity. -Machines can be independently turned on and off according to load shifting schedules. They operate im mediately when restarting. -Stock is produced by sequential operations of the machines. Namely, the stock of a machine is processe d by the subsequent machine. This assumption can be removed to build a general-purpose electricity cos t minimization problem. For explanatory purposes, we hold this assumption to make the problem simple. -Machine i cannot produce beyond the amount of stock in buffer i-1. More precisely, the production qua ntity of a machine at time period t cannot exceed the amount of stock in buffer i-1 at the end of time period t-1. -All buffers have the same initial stocks, say • , so that machines are able to start their production processes immediately without waiting for the previous machine to produce its stock. The k is an intege r value and can be assigned any proper value to implement company inventory policy.
With these notations and assumptions, an IP model can be developed for minimizing electricity cost while guaranteeing throughput.
As shown in Equation (1), the objective function of the IP model consists of electric and setup costs. The first term of the IP model is the total cost of the electricity consumed in production. The total electricity cost is calculated by summing unit utility cost multiplied by production quantity for each machine over time. In the second term, the total setup cost is calculated by summing unit setup cost multiplied by sum of Y ij for each machine. The Y ij , which is a setup cost indicator, has a value of 1 if machine i starts to operate at time j and 0 otherwise.
It is necessary to introduce an arbitrary binary variable, Z ij , and three constraints to make Y ij have a proper value. The constraints in Equation (2) ensure that Z ij has a value of 1 when X ij has positive value and Y ij only has value of 1 where Z ij = 1 and Z i,j-1 =0. In other words, Y ij has value of 1 when machine i stops at time j-1 and starts to operate at time j. M x in Equation (2) is an upper bound on the value of x.
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As shown in (3), the number of stocks in buffer i at the end of time period j is calculated by summing the number of the previous stocks and the production quantity of machine i and then subtracting the production quantity of machine i+1, Jaeil Park, SeJoon Park and Ok, Journal of Advanced Mechanical Design, Systems, and Manufacturing, Vol.10, No.6 (2016) the following machine. I i,o implies the initial stocks in buffer i and is set to an integer value, k, times the production capability of the bottleneck machine.
The production quantity of machine i during time period j, X ij , cannot exceed both the number of stocks in buffer i-1 at the time period j-1, I i-1,j-1 and its production capacity, PC i . These conditions are imposed by (4).
•
The amount of stock in buffer i at time j, I ij , should be not less than its initial buffer capacity as shown in (5). This constraint is designed to remove the effect of initial stocks in load shifting. Machines are able to start their production processes immediately without waiting for the previous machine to produce its stock. Without the constraint, an unreasonable solution can be obtained in which machines utilize their initial stocks instead of producing stocks to save electricity cost.
The last constraint guarantees that the throughput of the whole line is not less than n•PC B , the production capacity of the bottleneck during n timeslots as shown in (6). Therefore, the throughput of the last machine, which is the same as the whole line, should not be less than sum of its initial number of stocks and n•PC B .
Finally, a mathematical model for electrical load shift problem is built as (7). 
, ≥ ,0 + • ∀ , ∀ , ∀ Vol.10, No.6 (2016) Consider a serial production line of eight machines A to H with finite buffer capacities in the factory. Since the order of production is A-B-C-D-E-F-G-H, the output of one machine is the input to the subsequent machine. The production capacity of each machine is shown in Table 1 . It is known that the bottleneck process is machine D. Table 2 shows an electricity tariff on the market by average unit cost per product in kWh. If a machine produces 5 products during 9am and 10am, then the electricity cost becomes 5×10= 50. In this example, the electricity unit cost for time i is assumed to be the same regardless of the capacity of the machines, but we could apply individual electricity tariffs for each machine without any change of our mathematical model. We also assume that all machines are able to resume their operations with a setup cost and with initial buffer capacity set to 20. The total amount of stock in all buffers at a particular timeslot is calculated by summing the amount of stock in each buffer. Table 3 shows the optimal operation schedules of all machines in the production line according to the proposed IP model in Equation (7). In the case of machine A, it is recommended to stop operating at both 11am-noon and 1pm-5pm to minimize electricity cost and avoid throughput loss on the production line.
An Explanatory Example
Jaeil Park, SeJoon Park and Ok, Journal of Advanced Mechanical Design, Systems, and Manufacturing, Vol.10, No.6 (2016) Three machines (A, B, and C) located before the bottleneck produce more stock at a production rate above PC B early in the day and keep them in buffers, which allows the three machines to stop temporarily at the peak demand period while machine D continues operating without stopping. Four machines (E, F, G, and H) located after the bottleneck produce stocks at a production rate above PC B late in the day to catch up the drop in stock at the bottleneck caused by the four machines stopping temporarily at the peak demand period. Figure 2 plots the cumulative throughputs of the machines over time. 1  15  12  10  10  10  10  10  10  2  15  12  14  10  10  10  10  10  3  15  12  6  10  10  10  10  10  4  15  12  18  10  10  10  4  4  5  15  12  2  10  6  6  12  12  6  15  12  16  10  14  12  12  12  7  15  12  18  10  10  12  12  12  8  15 8  18  12  12  12  10  11  10  12  16  19  12  12  12  10  14  15  12  16  20  6  6  6  10  9  9  12  16  21  10  10  10  10  14  14  12  16  22  10  10  10  10  10  10  12  16  23  12  12  12  10  14  14  12  16  24  8  8  8  10  10  10 Mechanical Design, Systems, and Manufacturing, Vol.10, No.6 (2016) Consequently, the amount of stock in the buffers of machines A, B and C temporarily increase early in the day, and of machines D, E, F, and G increase late in the day. Figure 3 plots the amount of stock in the buffers of the machines over time. Even though the throughput of the production line is 240 at the end of a given day, which is the maximum throughput of the production line, a temporary increase in inventory is inevitable. As a result, spare room for the increased inventory is required. Table 4 summaries the performances of the production line with and without load shifting in terms of the amount of stock and electricity cost. Without load shifting, initial, final, maximum, and average inventories of the production line are all equal to 140 as all the machines are operated at the same speed as the bottleneck process. With load shifting, the maximum inventory of the line reaches 190, and the average inventory becomes 169.3, while the initial and final inventories remain 140. The utility costs with and without load shifting are 23,225 and 26,800, respectively. The result shows that the load shifting case can save 13% of the electricity cost compared to no load shifting, while 21% increase of a temporary stock level is inevitable. The main body of the text should be suitably divided into sections (and if necessarily subsections), each with a heading. For instance, Fig. 3 The amount of stock in the buffers of machines A to H Buffer 7
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Optimization model performance analyses
To show the effectiveness of our approach in diverse production situations, more experiments have been conducted with different input parameter settings. In addition, to solve the mathematical model a commercially available LP solver, LINGO 11.0, is used.
Load shifting in diverse production situations
To determine the effects of load shifting in diverse production situations, three types of production capacities (Table 5) , three distributions of electricity cost (Table 6) , and three setup costs (0, 20, 40) are considered, for a total of 27 scenarios. Line efficiency (LE) is the percent utilization of the line for a given assembly line balance, expressed as a ratio of total machine cycle time to bottleneck cycle time multiplied by the number of machines. Perfect utilization is indicated by 100% LE. A larger LE denotes greater line utilization. Table 7 lists the results of 27 experiments for load shifting with different parametric settings. From the results, the following three implications can be discussed.  Electricity cost can be increasingly saved as variation of unit electricity cost over time increased. In the case of UC3, 12 -19% of total electricity cost can be saved as compared to no load shifting, while in the case of UC1, only 5 -10% of the total cost is reduced.  Total electricity cost can be reduced further as LE decreases, when production lines are not properly balanced. Table 7 shows that application to PC3 saves more cost than application to PC1 regardless of settings of setup and electricity costs.  Higher setup cost results in lower cost savings. If the setup cost is high, the proposed model considers fewer line stops and, consequently, the cost saving will be lower.  A temporary increase of inventory is unavoidable to shift workload or save electricity cost as shown in Maximum Inventory in Table 7 , where the inventories increase by 20 to 40 percent for 27 scenarios. From this observation, we can conclude that allowance for inventory increase may be another restriction for the system performance of our model. More details on experimental results and discussions will be provided in Section 4.2.
Allowance for stock increase
Load shifting to save electricity cost inevitably results in an increasing amount of stock in the buffers. Since only limited buffer space is available in real factory situations, buffer capacity may be another restriction on load shifting. In other words, machines cannot stop their operations when buffer capacity is not enough to handle increased stock. This subsection introduces the following constraint to investigate the impact of the maximum allowance for stock increase on electricity cost.
Jaeil Park, SeJoon Park and Ok, Journal of Advanced Mechanical Design, Systems, and Manufacturing, Vol.10, No.6 (2016) When machine i stops its operation, the amount of stock in buffer i-1 inevitably increases. The constraint in Equation (8) describes the allowance for increased amount of stock in buffers through machines' load shifting. In a real situation, too great an increase in stock is not acceptable for various reasons, such as space limitation, quality, long waiting time, etc. This restriction might affect the electricity cost of the production line, as some machines cannot stop their operations due to limited buffer capability. To investigate this issue, a variable for the buffer allowance rate, AI, is introduced. In TOC, the total amount of stock produced by all machines except the last machine is (m-1)·n times the initial amount of stock. By assigning different values to AI we can investigate the influence of the allowance for the stock increase to the electricity cost.
For this experiment, UC3, PC3, and a setup cost of 40 are used. Figure 4 plots total electricity cost and average inventory over time against buffer allowance rate (AI) for stock increase. As the allowance increases towards 20%, the total electricity cost converges decreasingly to 15,470 while the average inventory increases without any convergence. Based on the result, a factory manager or decision maker might be able to determine a maximum 20% increase of the buffer allowance under their factory situations. Design, Systems, and Manufacturing, Vol.10, No.6 (2016) 
Conclusions
This paper presented an optimization model for managing facility operations with electrical load shifting in an effort to deal with a serious energy problem. The model focused on the operational side of the building blocks of the system, discrete-parts, and batch manufacturing lines. As a production-scheduling technique, the principle of DBR is used as it concentrates on the bottleneck process within the total production process. The IP formulation under DBR provides an optimum solution for the shift of electric loads during high demand of electricity. The shift of electric loads can cause more stock in process, but they are temporary effects to keep production running as planned.
The proposed mathematical model provides useful information to a factory manager who considers load shifting to save utility cost. With a given setup cost, production capacity, and electricity cost, the model is able to determine the optimal production plan in terms of minimum electricity cost without loss of throughput. With the optimal production plan, a total electricity cost saving can be calculated. With this information, the factory manager can decide a load shifting.
One future research direction is to develop a power information-based simulation test-bed including real-time power measuring instruments, remote control systems, power management system, ERP, and so on. Real-time electrical consumption rates are provided over the internet from virtual electricity meters to a simulation system, which generates an operation schedule based on price rates provided by utility companies. Our IP model serves as a starting point in the exploration and implementation of production planning with consideration of peak electric demands.
